Unfolded epipodite isolated from American lobsters (Homarus americanus) acclimated to dilute seawater was mounted in an Ussing-type chamber for ion transport studies. The split epipodite is an electrically polarized, one-cell-layer epithelium supported with cuticle. Under open-circuit conditions, the transepithelial potential was -4.2±1.0mV (N38). In the short-circuited epithelium, the current averaged over all of the preparations was -185.4±20.2 Acm -2 (N38) with a high conductance of 55.2±11.4mScm
INTRODUCTION

American and European lobsters (Homarus americanus and
Homarus gammarus) mostly live in full-strength seawater (SW) where osmolarity of the hemolymph is close to the ambient SW. However, during migrations lobsters may be found in brackish waters (Lawton and Lavalli, 1995) . For example, in the Great Bay Estuary, NH, USA, they are found in summer when salinity varies between 22 and 28p.p.t. and in springtime when salinity drops below 15p.p.t. (Short, 1992; Watson et al., 1999) . Under laboratory conditions lobsters can survive in salinities as low as 8p.p.t., and the lethal salinity was detected between 8 and 14p.p.t., depending on water temperature (McLeese, 1956) . Although hemolymph osmoconcentration is only slightly hyperosmotic in SW (Dall, 1970) , it drops in dilute seawater (DSW) but is maintained 120-150mosmolkg -1 above the osmolality of DSW (Charmantier et al., 1984; Charmantier et al., 2001; Lucu and Devescovi, 1999; Flik and Haond, 2000) . Moreover, specific activity of Na + /K + -ATPase in the tissues of the branchial cavity of lobsters (i.e. gills, branchiostegites and epipodite) is much higher in DSW than in SW. For example, when lobsters were transferred from SW to DSW, basolateral infoldings in the epipodite epithelium became more extensive (Haond et al., 1998) and the specific activity of Na + /K + -ATPase more than doubled (Lucu and Devescovi, 1999; Flik and Haond, 2000) . Immunocytochemical observations with a monoclonal antibody to the catalytic -subunit of Na + /K + -ATPase revealed that the enzyme in lobster epipodite is specifically located in the infoldings of basolateral membranes (Lignot et al., 1999) . In some hyperosmoregulating Crustacea acclimated to DSW, consensus exists about a cyclic AMP-protein kinase A pathway of rapid activation of Na + /K + -ATPase (Lucu and Flik, 1999; Genovese et al., 2006) . Over a longer term, in order to maintain enhanced enzyme activity, production of enzyme protein may increase via gene induction or inhibition of transcript degradation.
While the Na + /K + -ATPase may be considered to be the driving force for osmoregulatory ion uptake across the epipodite epithelium, other ion transporters and channels must also be involved in transepithelial ion movements. In ion substitution experiments with the gill epithelium of the shore crab Carcinus maenas, absorptive fluxes of Cl -were shown to depend in part on the simultaneous presence of Na + and K + , evidence supporting an apically located Na
-co-transporter (Riestenpatt et al., 1996) . The existence of a basolateral Cl -channel was proposed by the same authors. A similar model was suggested for the hyperosmoregulating semiterrestrial crab Neohelice (Chasmagnathus) granulata with the addition of apical electroneutral Na + /H + exchange mediating Na + influx that was also sensitive to inhibition by the carbonic anhydrase inhibitor acetazolamide . The main purpose of this study was an examination of ion transport processes in lobster epipodite under DSW conditions, specifically the nature of K + and Cl -fluxes and their interaction with Na + transport, in order to gain further insight into the osmoregulatory mechanisms in this economically important species. 
MATERIALS AND METHODS Animal and tissue preparation
Lobsters Homarus americanus Milne-Edwards 1835 weighing 250±50g fresh mass were purchased from a commercial supplier in Trenton, ME, USA, close to Mount Desert Island Biological Laboratory, Salisbury Cove, MA, USA. Lobsters were acclimated to 20p.p.t. SW at 18±2°C in experimental tanks (200l) with recirculating filtered SW for at least one week before experiments. Lobsters were fed twice a week with wild-caught mussels Mytilus edulis L. Observation of the pleiopods' epidermal and setal characteristics indicated that the lobsters were in the intermoult stage (Aiken, 1980) .
To remove a single epipodite, the carapace was slightly lifted in a living lobster and an epipodite was carefully excised at the base of the coxopodite with fine scissors. Two or three epipodites were taken from a single lobster over a period of 24h when experiments were being performed. We observed no changes in the lobsters' behavior, food consumption or hemolymph ionic composition 24h after the removal of up to three epipodites from their total of 14 epipodites. Following excision, the envelope-like epipodite was transferred to ice-cooled physiological saline and split into two hemiepipodites by careful dissection. Each single-cell-thick epithelium supported by cuticle was then mounted in an Ussing-type chamber as described below. The viability of the isolated preparation was evidenced by a stable transepithelial potential and short-circuit current (I SC ) over 5h, the maximum duration of the experiments. Furthermore, at the end of each experimental period, the addition of 1.5mmoll -1 ouabain to the basolateral side of the tissue consistently and drastically reduced the I SC without an effect on epithelial conductance, showing that the transport function of the tissue remained intact.
Solutions
Lobster saline had the following composition (mmoll . A voltage pulse of 1.0mV (duration 1s; 1000s interval between pulses) was applied by a pulse generator, producing a deflection of current from which transepithelial resistance was measured. The resulting current response represented the resistance of the physiological saline and tissue. Electrical resistance of the bathing saline in the Ussing's chamber without tissue ranged from 8 to 12Wcm 2 . Chamber resistance was subtracted from measured total resistance with tissue mounted, to obtain the resistance (and thus conductance) of the epipodite preparation proper. The measured I SC was corrected according to Ohm's law. The I SC is defined as negative when current flows across the tissue from the apical side to the basolateral membrane side. Rb across the epipodite preparation were measured in separate experiments, simultaneously with determination of the I SC . Fluxes were assessed after 30min equilibration of radioactivity in the experimental setup. To this end, 10ml of saline containing 22 Na (2.0kBqml -1 ), 36 Cl (2.8kBqml -1 ) or 86 Rb (0.14MBqml -1 ) were recirculated on one side of the hemichamber. On the other side, 10ml of saline was recirculated at an equal rate (0.8mlmin -1 ), and the levels of saline in the hemichambers were kept equal to avoid any pressure difference. The closed recirculating system had no influence on I SC during the experimental period, in comparison with open circulation employed in other experiments. Samples were taken for three flux periods of 30min each from the radioactive side (20ml diluted to 1ml with saline) and from the initially nonradioactive side (1ml), mixed with 3ml scintillation cocktail (HiSafe OptiPhase, Perkin Elmer, Waltham, MA, USA), and counted by liquid scintillation counting (Beckman, Turku, Finland). Sample volumes removed from the experimental setup were replaced by equal amounts of saline. Separate preparations were used for influx (J Rb ArB ) and efflux (J BrA ) determinations (Aapical and Bbasolateral side). Radioactivity passing the epipodite preparation from the perfusion saline at one side of the epithelium to the saline collecting radioactivity at the opposite side was used to measure fluxes, expressed in mmolcm -2 h -1 .
Statistics
All results represent means ± s.d. where N is the number of single experiments. Significant differences between treatments were assayed by analysis of variance (ANOVA) in combination with Student's t-test and Tukey's test (unpaired and paired data). The level of statistical significance was set at P<0.05. The inhibition concentration of drugs (IC 50 values) for NPPB and NFA were determined using a logistic function to fit the data (Graph Pad Prism, Aberystwyth, UK).
RESULTS
The split epipodite preparation isolated from lobsters acclimated to DSW is an electrically polarized, one-cell-layer epithelium supported with cuticle. This epithelium was mounted in an Ussing-type chamber and perfused apically and basolaterally with identical 240mmoll -1 NaCl saline. Under open-circuit conditions, a transepithelial potential of -4.2±1.0mV (N38) was registered, the basolateral side of the epithelium having negative polarity. The shortcircuited epipodite epithelium with transepithelial potential held at 0mV generated a negative I SC from the apical to basolateral side ). Further evidence linking the Na + /K + -ATPase to transport processes in the epipodite was suggested by western blot analysis of the Na + /K + -ATPase -subunit protein in partially purified membranes from the epipodite. The -subunit showed an apparent molecular weight of 96±6kDa (Fig.5) , a value in agreement with the 90kDa phosphorylated -subunit of the epipodite of Homarus gammarus . By applying the same total amount of protein in each lane, it is apparent that the -subunit 2 and 3; Fig.5 ).
The phosphodiesterase inhibitor IBMX (1mmoll -1 ) added apically stimulated I SC from -191.0±6.7mAcm -2 (control; N4) to -260.0±23.1mAcm -2 (N4; P<0.001), an increase of 36%. After stimulation of I SC by IBMX, the apical addition of 12mmoll -1 CsCl inhibited I SC by 54.6% compared with the control value (N4) (Fig.6A) ) were not changed. Besides blocking chloride channels, basolateral application of NPPB at 50mmoll -1 also inhibited J Rb BrA effluxes, suggesting a possible interaction of potassium channels with NPPB-sensitive chloride channels (Fig.7) (Fig.7) .
DISCUSSION
Isolated
gill lamella preparations from euryhaline hyperosmoregulating Crustacea and the split lobster epipodite have similar electrophysiological properties. Both consist of a cell monolayer with similar morphology, supported by cuticle (Lawson et al., 1994; Haond et al., 1998) . The split epipodite preparation consists of a monolayer epithelium attached at the apical membrane domain to a 5mm-thick chitinous cuticle (Haond et al., 1998) . The cuticle of lobster gills is highly permeable to NaCl [10 -3 cms -1 (Avenet and Lignon, 1985) ] and does not show selectivity for Na + over Cl -as described for the less permeable cuticle of brackish water and freshwater Crustacea (Lignon, 1987) . Cuticular conductivity in lobsters is 4.5-fold higher than that reported for the typical marine crustacean Maia squinado and 52-fold higher than the gill cuticle of Carcinus maenas (Pequeux and Lignon, 1992) . The cuticle thus serves far less, or is even insignificant, as a barrier for monovalent ions in lobsters than it is in typical brackish water species.
Under short-circuited conditions, a large inward negative I SC was generated from the apical side of preparation. The polarity and range of I SC and conductance in isolated lobster epipodite were found to be similar to gill lamella preparations isolated from brackish water Crustacea (Onken and Siebers, 1992; Onken and Riestenpatt, 2002; Onken et al., 2000; Tresguerres et al., 2003) . A large conductance (49.0±18.2mScm -2 ), coupled with strong inhibition of I SC by apically added CsCl (Fig.4) , indicate that overall conductance is dominated by paracellular pathways. Therefore, the lobster epipodite ). Analysis of variance (ANOVA) following Student's paired two-tailed t-test: J ArB P>0.05; J BrA , control-Cs api P<0.001; control-Cs baso P<0.01; J net , control-Cs api P<0.01, control-Cs baso P<0.01. preparation can be described as a leaky epithelium, in agreement with findings on isolated gill lamellae from other crustaceans (Riestenpatt et al., 1996; Onken et al., 2000; Tresguerres et al., 2003) .
In the absence of any chemical gradients between the apical and basolateral side of the epithelium and under short-circuited conditions, active sodium and chloride absorption and potassium secretion were clearly indicated (Table1). More net Cl -than Na + was absorbed by the epithelium (Table1), and to maintain equilibrium the rest of the Na + may be transported via the paracellular pathway. Transcellular NaCl absorption across the epipodite epithelium may be considered to be electrogenic with a Na + /Cl -flux ratio of 1:1.6 (Table1). Respecting the fact that fluxes and standard deviations were measured with different preparations it becomes evident that the observed Na + /Cl -ratio seems close to the 1:2 ratio expected for ion uptake via a Na + /K + /2Cl -cotransporter. In support of this suggestion is our observation that I SC C. Lucu and D. W. Towle and conductance across the epipodite were strongly reduced in either low (25mmoll -1 ) Na + or low (25mmoll -1 ) Cl -saline, in which the osmotic equivalent of 240mmoll -1 NaCl was provided by either Nmethyl-D-glucamine chloride or sodium gluconate.
Further evidence for participation of the Na + /K + /2Cl -cotransporter in ion uptake across the epipodite was obtained using mercury as an experimental probe for co-transporter function (Jacoby et al., 1999; Kinne-Saffran and Kinne, 2001 ). In the epipodite preparation of the European lobster (H. gammarus), methyl mercury (Lucu et al., 2009 ) and mercury chloride (C.L., unpublished) when applied in the nanomolar range at the apical side strongly inhibited both I SC and Cl -influxes. In this concentration range, Na + /K + -ATPase and I SC were unaffected by basolateral application of the mercury compounds. These results support the coupling of ions via the Na
-co-transporter as suggested in earlier studies on crustaceans, including Carcinus, Pachygrapsus and Chasmagnathus (Lucu and Siebers, 1987; Pierrot et al., 1995; Riestenpatt et al., 1996; Onken et al., 2000; Onken et al., 2003; Tresguerres et al., 2003) .
However, in Crustacea, an apically located absorptive Na
-co-transporter has not been confirmed by the use of specific inhibitors. We have shown that rubidium influx in control epipodite preparations (0.5±0.1mmolcm ; N5). Furthermore, neither furosemide nor bumetanide have much effect on I SC in Carcinus gills (Lucu, 1989; Riestenpatt et al., 1996) . These observations may reflect the low permeability of the cuticle to organic compounds, interfering with access of inhibitors to the apical membrane (Onken and Riestenpatt, 2002) . Nevertheless, at the molecular level, a Na
-cotransporter is clearly expressed in crustacean ion-transporting tissues (Luquet et al., 2005) .
In epipodites of the European lobster H. gammarus, the Na + /K + -ATPase is a key generator of secondary active transport and Na + /K + -ATPase activity was found to increase following acclimation to DSW (Lucu and Devescovi, 1999) . The catalytic -subunit (Skou and Esmann, 1992) of the Na + /K + -ATPase was characterized in lobster epipodite via western blot analysis, using a monoclonal antibody against chicken (Gallus gallus) -subunit. An -subunit protein of 96±6kDa was detected in epipodite from H. americanus, approximately the same size as in membrane preparations from epipodite of H. gammarus ) and in gills of Carcinus maenas, Callinectes danae and Callinectes sapidus (Towle and Kays, 1986; Lucu and Flik, 1999; Towle et al., 2001; Masui et al., 2002) . Overall, the -subunit of the Na + /K + -ATPase is highly conserved between species (Lucu and Towle, 2003) . The amino acid sequence of the Callinectes -subunit is 71-74% identical to the avian isoform and is 94% identical to the -subunit sequence of Homarus (Towle et al., 2001) . Furthermore, expression of the -subunit protein of lobster epipodite is more apparent in partially purified membranes from animals acclimated to DSW than to SW, revealing upregulation of this protein during more than 10 days acclimation (Fig.5) , as also shown for Carcinus (Lucu and Flik, 1999) .
In short-circuited lobster epipodite, the chloride channel inhibitor NPPB inhibited I SC dose-dependently when applied basolaterally, with a half-inhibitory concentration of 27.6mmoll -1 , a concentration about 4-fold higher than the concentration that inhibits I SC in gill epithelium of the shore crab Carcinus (Riestenpatt et al., 1996) . NFA inhibited I SC dose-dependently with an IC 50 about twice that for NPPB. Unfortunately, few specific potent anion channel blockers are available; most of them require high concentration and have undesirable non-specific side effects. The lack of high-affinity inhibitors of Cl -channels has hindered the molecular identification of specific channel proteins. NPPB and NFA have been widely used in functional studies of understanding the role of Cl -channels, particularly those activated by changes in intracellular Ca 2+ (Jentsch et al., 2002; Fuller and Benos, 2000) . Moreover, NFA is the most common blocker for the native Ca 2+ -dependent chloride channel [CaCC (White and Aylwin, 1990) ], showing inhibition of anion-driven current in Xenopus oocytes at concentrations in the 10mmoll -1 range (Qu and Hartzell, 2001) . A cDNA predicted to encode a Ca 2+ -activated chloride channel has been identified in a normalized cDNA library prepared from multiple tissues of H. americanus (Towle and Smith, 2006) ; however, it is not known whether this particular channel is the active participant in the studies described here.
Pharmacological characterization of net effluxes of Rb + (substituting for K + ) was carried out with the potassium channel blocker Cs + (Zeiske et al., 1992) . The secretory cesium-sensitive potassium channel in lobster epipodite has a physiological similarity to the high conductance open probability K + channel located in the apical membrane of the thick ascending limb of the loop of Henle (Wang, 1995; Giebisch, 1998 I SC is about 6% and is equal to the ouabain-sensitive portion, indicating that active K + secretion is entirely inhibited by ouabain. This is also apparently the case for active NaCl absorption, because ouabain seems to almost completely abolish I SC (Fig.4) .
When 1mmoll -1 IBMX was added at the basolateral side of the epipodite preparation, I SC and J Rb BrA (K + ) fluxes were stimulated. In posterior gills of the Chinese crab, IBMX treatment increased intracellular cAMP (Bianchini and Gilles, 1990) and also increased the transepithelial potential of perfused posterior gills of the hyperosmoregulating crab Chasmagnathus (Halperin et al., 2004) . We suggest that the stimulation of K + noted in this study could be explained by a cAMP-dependent change in the phosphorylation state of the Na + /K + -ATPase and consequent activation of the enzyme (Kiroytcheva et al., 1999) .
To summarize our findings on the split epipodite of lobster, a conventional model based on these and other transport studies in crustaceans is hypothesized (Fig.8) . Acclimation of lobsters to DSW is hypothesized to increase Na + /K + -ATPase activity through de novo synthesis or by activation of latent enzyme activity, enhancing the sodium motive force for hyperregulation. Inhibition of current by ouabain supports a pivotal role of the Na + /K + -ATPase enzyme in the epipodite, contributing to the IBMXsensitive net K + (Rb + ) efflux via cesium-sensitive apical K + channels. By reducing cell Na + , the Na + /K + -ATPase generates steep Na + gradients across the apical membrane which produces energy for the coupling of Na + /K + /2Cl -co-transport, supported in this study by the noted reduction of I SC in low Na + and low Cl -salines and by radioactive flux measurements showing a Na:Cl transport ratio close to 1:2. The net K + concentration gradient across the apical membrane favors flux via Cs-sensitive K + channels, supplying a driving force for co-transporter function as well as for movement of ions via the paracellular pathway. At the basolateral side, Cl -is hypothesized to leave the cell via NPPB-and NFA-sensitive Cl -channels (Fig.8) . The striking similarities in transport mechanisms between gills and epipodite in hyperosmoregulating Crustacea and the thick ascending limb in vertebrates suggests the possibility that during a long evolutionary history the vertebrate thick ascending limb preserves properties from SW ancestors. 
LIST OF ABBREVIATIONS
